Abstract Near-infrared (NIR) fluorescence imaging using indocyanine green (ICG) has the potential to improve the sentinel lymph node (SLN) procedure by facilitating percutaneous and intraoperative identification of lymphatic channels and SLNs. Previous studies suggested that a dose of 0.62 mg (1.6 mL of 0.5 mM) ICG is optimal for SLN mapping in breast cancer. The aim of this study was to evaluate the diagnostic accuracy of NIR fluorescence for SLN mapping in breast cancer patients when used in conjunction with conventional techniques. Study subjects were 95 breast cancer patients planning to undergo SLN procedure at either the Dana-Farber/Harvard Cancer Center (Boston, MA, USA) or the Leiden University Medical Center (Leiden, the Netherlands) between July 2010 and January 2013. Subjects underwent the standard-of-care SLN procedure at each institution using 99 Technetium-colloid in all subjects and patent blue in 27 (28 %) of the subjects. NIR fluorescence-guided SLN detection was performed using the Mini-FLARE imaging system. SLN identification was successful in 94 of 95 subjects (99 %) using NIR fluorescence imaging or a combination of both NIR fluorescence imaging and radioactive guidance. In 2 of 95 subjects, radioactive guidance was necessary for initial in vivo identification of SLNs. In 1 of 95 subjects, NIR fluorescence was necessary for initial in vivo identification of SLNs. A total of 177 SLNs (mean 1.9, range 1-5) were resected: 100 % NIR fluorescent, 88 % radioactive, and 78 % (of 40 nodes) blue. In 2 of 95 subjects (2.1 %), SLNs-containing macrometastases were found only by NIR fluorescence, and in one patient this led to upstaging to N1. This study demonstrates the safe and accurate application of NIR fluorescence imaging for the identification of SLNs in breast cancer patients, but calls into question what technique should be used as the gold standard in future studies.
Introduction
Sentinel lymph node (SLN) biopsy is regarded as standardof-care in staging the axilla in breast cancer patients with clinically negative lymph nodes [1] . Three methods of mapping the SLN are currently standard-of-care: (1) radioactive tracer alone, (2) blue dye, and (3) a combination of both. The combination of both radioactive tracer and blue dye currently report the highest identification rates ([95 %) and lowest false-negative rates (\10 %) [2] [3] [4] [5] [6] . However, both modalities have certain disadvantages.
For example, blue dyes cannot be seen through skin and fatty tissue, blue staining results in tattooing of the breast lasting for several months, skin necrosis can occur with subdermal injections, and allergic reactions with rare anaphylaxis have been reported [7, 8] . Radioactive colloids are expensive, require involvement of a nuclear physician, and do not provide real-time visual guidance. Moreover, many hospitals worldwide are limited to the use of blue dye only to perform SLN biopsy because of the lack of access to radioactive isotopes or sufficient funding, although blue dye alone is associated with higher false negative rates [9] .
As a result of these issues, near-infrared (NIR) fluorescence (700-900 nm) imaging has recently been introduced for SLN mapping and tested in several cancer centers worldwide [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . NIR fluorescence imaging has several characteristics that are advantageous for the SLN procedure, which include a relatively high penetration into living tissue (up to 5 mm) and real-time, high-resolution optical guidance [24, 25] . Indocyanine green (ICG) is currently the only FDA and EMEA approved NIR fluorescent probe that can be used (off-label) in clinical trials as a lymphatic tracer. This tracer has outperformed blue dye staining for SLN identification in four clinical trials [10, 19, 22, 26] . Previous studies indicated that a dose of 0.5 mM (1.6 mL) ICG is optimal for SLN mapping in breast cancer [19, 21, 22] .
A significant advantage of NIR imaging is that it can provide real-time guidance. However, to enable the surgeon to work under direct image guidance, navigation in relation to the surgical anatomy is obligatory. In contrast to most camera systems used worldwide, the system used in this study is capable of displaying NIR fluorescence signal simultaneously with surgical anatomy, using a hands-free design. Moreover, the real-time, high-resolution images allow clear detection of fluorescent lymphatic channels, which has shown to be beneficial in the visualization of the lymphatic drainage pathway and position of the SLN [21, 27] .
The primary objective of this multicenter experience was to validate the diagnostic accuracy of fluorescenceguided SLN biopsy when used with conventional techniques. The secondary objective was to evaluate the safety of intraoperative NIR fluorescence SLN mapping using 0.5 mM (1.6 mL) ICG.
Methods

Preparation of ICG
ICG (25 mg vials) was purchased from Pulsion Medical Systems (Munich, Germany) or Akorn (Decatur, IL, USA). Directly before surgery, it was resuspended in 10 cc of supplied diluent (sterile water) for injection to yield a 2.5 mg/mL (3.2 mM) stock solution. To obtain the desired 0.5 mM (0.39 mg/mL) dilution of ICG, 7.8 mL of the 3.2 mM ICG solution was diluted in 42.8 mL of sterile water (NL) or 9.2 mL of the stock solution was diluted in 50 mL of sterile saline (US). In previous studies, we determined that the optimal dose of ICG lies between 1.6 mL of 0.4 and 0.8 mM; therefore, a dose of 0.5 mM was chosen [21, 22] .
Intraoperative NIR imaging system SLN mapping was performed using two identical versions of the Mini-Fluorescence-Assisted Resection and Exploration (Mini-FLARE TM ) [21] image-guided surgery system at each institution. In brief, the system consists of two wavelength-isolated light sources: a ''white'' light source, generating 26,600 lx of 400-650 nm light, and a ''nearinfrared'' light source, generating 7.7 mW/cm 2 of 760-nm light. Color video and NIR fluorescence images are simultaneously acquired and displayed in real time using custom optics and software that separate the color video and NIR fluorescence images. A pseudo-colored (lime green) merged image of the color video and NIR fluorescence images is also displayed in real time. The imaging head is attached to a flexible gooseneck arm, which permits positioning of the imaging head at extreme angles virtually anywhere over the surgical field. For intraoperative use, the imaging head and imaging system pole stand are wrapped in a sterile shield and drape (Medical Technique Inc., Tucson, AZ, USA).
Clinical trial
The data in this paper are combined from two Phase 2 trials approved separately by the Medical Ethics Committees of the Dana-Farber/Harvard Cancer Center (Boston, MA, USA) and the Leiden University Medical Center (Leiden, the Netherlands) and performed in accordance with the ethical standards of the Helsinki Declaration of 1975. All patients planning to undergo a SLN procedure for invasive breast cancer or high-risk carcinoma in situ were eligible for participation in the trials between July 2010 and January 2013. Study subjects had clinically negative axillary nodes as assessed by palpation and ultrasonography. Exclusion criteria were pregnancy, lactation, or an allergy to iodine, shellfish, or ICG. All subjects gave informed consent and were anonymized. Subjects received the standard-of-care sentinel node procedure without interference from the Mini-FLARE imaging system. In the Netherlands, this implied the periareolarly administration of approximately 100 MBq 99m Technetium-nanocolloid the day before surgery, followed by a lymphoscintigraphy 15 and 180 min after injection. In addition, in 27 subjects, 1 mL total of patent blue (Bleu Patenté V, Guerbet, Brussels, Belgium) was injected intradermally and periareolarly in multiple deposits directly before the start of surgery. Usage of patent blue was performed in concordance with the Dutch guidelines. However, a randomized controlled trial published during this study showed no benefit of using patent blue; therefore, it was omitted in the latter part of the current trial [19] . In the United States this implied the subareolar injection of approximately 0.8 mCi 99m Technetium-sulfur colloid 1-3 h before surgery.
Immediately before surgery, the attending surgeon injected 1.6 mL total of 0.5 mM ICG at multiple sites periareolarly (NL) or intradermally and peritumorally (US). Afterward, the injection site was massaged to assess lymphatic drainage. After surgical scrub and sterile draping of the operative field, NIR fluorescence imaging was performed using the Mini-FLARE camera system at approximately 30 cm distance to the surgical field. The surgical field was also illuminated using the white light source of the Mini-FLARE imaging system. NIR camera exposure times were between 5 and 500 ms.
Before incision, the surgical field was inspected for percutaneous lymphatic channels and potential SLNs using NIR fluorescence. With respect to detection of the SLN, surgeons had direct access to both the gamma probe and the NIR fluorescence images. The ''hands-free'' design of the Mini-FLARE permitted continuous image acquisition during the SLN procedure. The method used for first detection of the all SLNs was noted. Whether a SLN was deemed fluorescent or radioactive was dependent on the signal-to-background ratio (SBR) or radioactive counts, respectively. A region of interest (ROI) from adjacent skin, identical in size and shape to that over the SLN, was chosen as background. A SLN exhibiting a SBR C1.1 in situ was considered positive by NIR fluorescence. The NIR fluorescence and radioactive signatures of all SLNs were also inspected ex vivo using Mini-FLARE and a handheld gamma probe, respectively. When multiple SLNs were found, a SLN was deemed radioactive when the radioactive counts were more than 10 % of the SLN with the highest radioactive counts.
All subjects underwent routine histopathological analysis of the SLNs according to the Dutch and US guidelines.
Statistical analysis
For statistical analysis, SPSS statistical software package (Version 20.0, Chicago, IL, USA) was used. Correlation between values was determined using the Spearman's rank correlation coefficient, in case of nonparametric values. To compare BMI between subject groups, the independentsample t test was used. To test differences between identification time in BMI subgroups, the Kruskal-Wallis oneway analysis of variance test and the Dunn's Multiple
Comparison Test (only computed if overall P \ 0.05) were used. P \ 0.05 was considered significant.
Results
Subject and tumor characteristics
Ninety-five breast cancer patients who underwent SLN mapping using both radioactive and fluorescence guidance (Table 1) were included in the study. Median age of study subjects was 57 years (range 30-75) and median BMI was 25 kg/m 2 (range 19-47). Tumor characteristics are shown in Table 1 . The majority of subjects underwent a wide local excision (90 %); the remainder underwent a mastectomy or SLN biopsy only. Nine subjects were treated with neoadjuvant hormonal or chemotherapy. The average time between injection of ICG and the skin incision was 19 ± 7.1 min. No adverse reactions associated with ICG or the Mini-FLARE imaging system occurred.
SLN detection
In 94 of 95 subjects, at least one SLN was identified using NIR fluorescence or radioactivity (identification rate = 99 %; Figs. 1, 2a) . A total of 177 SLNs (mean 1.9, range 1-5) were resected: 155 (88 %) were radioactive and 177 (100 %) were fluorescent (Fig. 2b) . In one subject, all SLNs were only NIR fluorescent and not radioactive. In two subjects, the gamma probe was necessary for initial localization of SLNs (2/95 = 2.1 %, Figs. 2a, 3 ). However, after detection, these nodes were found to be NIR fluorescent in vivo (mean SBR = 2.5). Of note, the BMI of these subjects was higher compared to the other subjects (mean BMI = 35.5 vs. 27.3; t = 1.72, P = 0.09; Fig. 3 ). In four subjects (Fig. 3) , additional SLNs could be located using the gamma probe after initial identification of one or more NIR fluorescent SLNs. Again, these nodes were fluorescent in vivo (n = 6, mean SBR = 6.27). The mean BMI of these subjects was not significantly different from the rest of the subjects (mean BMI = 25.0 vs. 27.3; t = 0.75, P = 0.45). In one of these four subjects, an additional SLN located by radioactivity (but also NIR fluorescent in vivo at the time of resection) contained a micrometastasis. The BMI of this subject was 23. In summary, in 6 of 95 subjects (6.3 %), radioactive guidance was necessary for the initial or additional localization of SLNs, though 100 % of those nodes were NIR fluorescent at the time of resection.
Lymph node involvement was found in 22 (12 %) of the resected lymph nodes including 18 nodes with macrometastases and 4 nodes with micrometastases. Isolated tumor cells were found in 7 nodes (4 %). All tumor-positive SLNs were fluorescent, however, only 20 (91 %) were also radioactive. In two subjects (2.1 %), macrometastases were found in SLNs that could only be found using NIR fluorescence (Table 2 ; Fig. 3 ). Even during ex vivo inspection with the gamma probe, radioactivity counts of those nodes were very low (less than 5 % of other nodes). One of those two subjects also had other fluorescent/radioactive nodes that were tumor positive. More importantly, in the other patient, tumor-positive SLNs could only be detected using NIR fluorescence, and resulted in upstaging to N1. Furthermore, in 1 other patient isolated tumor cells were found in a SLN that could only be detected using fluorescence.
In the subgroup that also received patent blue, 31 out of 40 SLNs (78 %) were blue. In subjects that received patent blue, only 3 out of 5 tumor-positive SLNs were stained blue.
NIR fluorescence enabled visualization of the percutaneous lymphatic channels in 81 % of subjects, which was inversely correlated to BMI (R = -0.36; P \ 0.001). In 42 % of subjects, the complete lymphatic channel could be followed percutaneously from injection site to area in which the SLN was identified. In addition, percutaneous NIR fluorescence revealing the location of the SLN could be observed in 31 % of subjects. Average brightness of exposed SLNs, expressed as SBR, was 10.5 ± 6.7. Average time between skin incision and SLN identification was 7 ± 6 min and was also inversely correlated to BMI (R = 0.46; P \ 0.001). Time between skin incision and SLN identification was significantly higher in subjects with BMI [35 compared to subjects with a BMI B25 (P \ 0.001). In one subject, the interval between skin incision and SLN detection was 42 min. This subject received neoadjuvant chemotherapy, and the SLN was located in the area next to the latissimus dorsi muscle.
Estimation of diagnostic accuracy
There are two key performance metrics for SLN mapping: (1) identification of all SLN(s) and (2) identification of tumor-positive SLN(s) that will change patient management. Using both NIR fluorescence and radioactivity, the false negative rate for SLN mapping was only 1 %. Using radioscintigraphy as the gold standard, the sensitivity of NIR fluorescence for initial localization of SLNs in all subjects was 98 %. After initial localization, though, the sensitivity of NIR fluorescence was 100 % whereas radioscintigraphy was only 88 %. With respect to identifying the 22 tumor-positive nodes found in this study, the sensitivity of NIR fluorescence was 96 % compared to 91 % for radioscintigraphy.
Discussion
The primary endpoint of this study was measurement of the effectiveness of intraoperative NIR fluorescence imaging using ICG for SLN mapping in breast cancer. Based on our Positive (micrometastases or macrometastases) 16 17 data and those from several other large trials (Table 3 ), it appears that NIR fluorescence is, at the least, complementary to radioactivity, but might also lead to a new standard-of-care in the future. The use of NIR fluorescence for SLN mapping has several advantages over conventional modalities, such as superior depth penetration compared to blue dyes, real-time visual guidance, as well as broad availability compared to radioactive tracers. Table 3 summarizes all NIR fluorescence breast cancer SLN clinical studies with 50 or more study subjects each. To the best of our knowledge, all large studies performed worldwide have used the Photo Dynamic Eye (PDE; Hamamatsu, Japan) camera system [10] [11] [12] [13] [14] [15] [16] [17] [18] . This hand-held fluorescence camera system is easy to use and commercially available; however, no color overlay is possible. Moreover, most studies only compared fluorescence to patent blue and only one study made a large (i.e., n [ 50) comparison between radioactive and fluorescence guidance [15] . In that study, Wishart et al. [15] observed that fluorescence imaging using ICG was not associated with harvesting of an excessive number of nodes compared to radioactive guidance, which is concordant with our data. In addition, the sensitivity of fluorescence and blue dye was 95 % in their study. This suggests that a combination of blue dye and fluorescence is a potential alternative to radioactivity, although the present study, as well as previous studies, suggests that blue dye is itself unnecessary [19] .
As shown in Table 3 , most large clinical studies on this topic have utilized a dose of ICG almost tenfold higher than that used in our study. In a series of controlled trials, we demonstrated that the concentration and volume of ICG was of considerable importance. Counterintuitively, higher injected ICG concentrations actually lead to worse detectability because of fluorophore ''quenching.'' That is, at too high a concentration, photons emitted by ICG are reabsorbed and are therefore not detectable [28] . Even 0.5 mM (used in our study) is a concentration that exhibits quenching, but by the time the ICG is diluted in lymph fluid, the final concentration in the SLN is such that NIR fluorescence is maximal. A high concentration can also lead to increased flow to second-tier nodes, as reflected in the higher number of ''SLNs'' seen with higher injected doses (Table 3) . Careful attention to concentration and dilution is one factor that enables improved performance of the technology, especially because identification of a higher number of SLNs does not increase patient survival and harbors the risk of increased morbidity. Retrospective analysis of 1,530 consecutive patients with negative SLNs (detected using radioactivity and blue dye) showed an axillary recurrence of only 0.26 % [29] . The second factor is the imaging system used. Our study employed hands-free imaging using the Mini-FLARE imaging system, which is capable of displaying NIR fluorescence images simultaneously with surgical anatomy. This enabled the surgeon to perform surgery under direct image guidance. In addition, a significant advantage of fluorescence-guided SLN mapping is the introduction of real-time visualization of lymphatics and, in some cases, also lymph nodes through the skin. In the current study, we were able to visualize percutaneous lymphatic channels in 81 % and axillary lymph nodes in 31 % of cases. Even when the SLN itself is not visible through the skin, its location can still be inferred with reasonable accuracy by projecting downward and slightly away from the point at SLNs that could only be found using NIR fluorescence. In one patient (BMI = 29) the SLN could be identified after 42 min using NIR fluorescence (outside table limit). Dotted line represents the median for each group which the lymphatic channel dives deep and becomes invisible. Exploiting this feature is an important part of the learning curve for the technique. Pre-incision SLN detection, when it occurs, is a major advantage because it can minimize both surgical incision length and the exploration time needed to find the SLN.
No adverse events related to fluorescence imaging were reported in this study, which confirms safe application of NIR fluorescence and ICG. Moreover, the estimated incidence of adverse events using ICG is considerably lower (\1:10,000 cases) than that of Patent Blue (*1:150 cases) [30] [31] [32] .
It should also be pointed out that the hydrodynamic diameters of ICG (B1 nm) and radioactive colloid (C50 nm) are vastly different and can have a major impact on performance [33] . ICG flows much faster (seconds to minutes) and potentially has access to smaller lymphatic channels, but can also pass through the SLN into secondtier nodes. Colloid requires hours to flow but has excellent retention in the SLN. It is unclear what role hydrodynamic diameter and timing played for the SLNs found only using NIR fluorescence. Another parameter not addressed in this study is the optimal formulation of ICG, which is known to be unstable over time in aqueous environments [34] .
Our study calls into question what should be considered the ''gold standard'' in SLN mapping. By one metric, initial SLN identification, NIR fluorescence identified the SLN in 1 patient that could not be detected using radioactivity. However, radioactivity was necessary for initial SLN identification in two cases. In NIR failures, BMI did not appear to be a discriminating factor. It is unclear at present if NIR fluorescence failures could have been avoided by improved intraoperative techniques and greater experience, or whether those failures would have resulted in a clinically poorer outcome. By understanding the limitations of NIR fluorescence (e.g., &5 mm penetration depth), it might be possible to modify exploratory techniques to improve detectability. It is equally possible, however, that the superior depth of radioactive detection will be required in some cases. A welldesigned, properly powered, randomized controlled clinical trial could answer this critical question.
By a second metric, though, identification of tumorpositive SLNs, NIR fluorescence identified N? SLNs with macrometastases in two patients that could not be identified using radioactivity. It could be argued that this is a more important metric because upstaging changes patient management, as it did in one study subject. This also calls into question whether radioactivity can be safely omitted from SLN mapping of breast cancer under certain conditions. Definitive conclusions await a much larger clinical trial.
A key aspect of NIR fluorescence SLN mapping is that it can be readily translated to breast cancer centers worldwide. Aspects supporting implementation of NIR fluorescence SLN mapping include: (1) it utilizes a contrast agent already FDA approved for other indications, (2) multiple imaging systems are now commercially available, and (3) unlike radioactive tracers, no extensive infrastructure is needed to implement the technology.
In conclusion, this multi-center experience validates the safe and accurate application of NIR fluorescence imaging for the identification of SLN in breast cancer patients using 1.6 mL of 0.5 mM ICG and the Mini-FLARE camera system. In the context of finding tumor-positive SLNs, NIR fluorescence outperformed both radioactivity and blue dye staining. We believe that fluorescence-guided SLN mapping using ICG is a safe and accurate method that can be used in combination with radioactivity and/or blue dye, but would be of special value in breast cancer centers that currently have access to only blue dye. Average time between injection and skin incision (min, SD) 19 7 Average time between skin incision and SLN resection (min, SD)
6
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